During the course of characterizing a series of temperature-sensitive mutants of pseudorabies virus, we found one (designated tsL) that did not produce cytopathic changes in rabbit kidney cells at the non-permissive temperature (41 °C). Although the mutant adsorbed to and penetrated the cells in a normal fashion, virus RNA was not synthesized at 41 °C in the infected cells. However, if the cells were first incubated at the permissive temperature (32 °C), virus RNA synthesis occurred at the non-permissive temperature. This occurred even if, during the incubation period at 32 °C, the expression of viral functions was prevented by treatment with an inhibitor of protein synthesis. The DNA in tsL virions did not appear in the cell nucleus at 41 o C, and full, non-enveloped nucleocapsids could be recovered from the cytoplasm of tsL virus-infected cells. These results show that the nucleocapsids of tsL remain intact at the non-permissive temperature and that tsL is an uncoating mutant.
INTRODUCTION
The initial events of infection with a herpesvirus have been studied mainly by electron microscopy and consist of several relatively rapidly occurring processes (Farnham & Newton, 1959; Morgan et al., 1959 Morgan et al., , 1968 Holmes & Watson, 1963; Dales & Silverberg, 1969; Miyamoto & Morgan, 1971; Smith & DeHarven, 1974) . Adsorption to the host cell membrane receptors is followed by penetration of the nucleocapsids into the cytoplasm. Naked nucleocapsids are observed in the cytoplasm and seem to become concentrated near the nucleus in the vicinity of the nuclear pores but can no longer be detected by 90 to 120 min post-infection. Capsids have not been observed in the nucleus, indicating that the nucleocapsid is uncoated, releasing the DNA core which penetrates the nucleus. Hochberg & Becker (1968) found that a much smaller percentage of the virus protein than of the virus DNA becomes associated with the nuclear fraction of the infected cells, suggesting that as the virus DNA penetrates the nucleus, most of the capsid proteins are left behind in the cytoplasm. The possibility that the nucleocapsids penetrate the nucleus and that the capsid is thereafter rapidly released from the nucleus into the cytoplasm has, however, not been eliminated.
Thus, there is virtually no information concerning the successive steps of herpesvirus uncoating, i.e. how the core is released from the capsid, how the virus DNA enters the nucleus and whether any specific virion proteins accompany the virus DNA to the nucleus. Mutants which are defective in uncoating should permit a study of the sequence of events leading to the penetration of the viral genome into the cell nucleus. In this paper we report on the isolation and the characterization of one such ts mutant. This mutant is defective in a step involving the release of the virus DNA core from the nucleocapsid and the penetration of the DNA into the cell nucleus. In cells infected with this mutant at the non-permissive temperature (41 o C), nucleocapsids accumulate in the cytoplasm.
METHODS
Virus and cell culture. The preparation of pseudorabies (Pr) virus and cultivation of rabbit kidney (RK) cells have been described previously (Kaplan & Vatter, 1959) . The ts mutants were derived by bromodeoxyuridine mutagenesis of wild-type Pr virus and were plaque purified twice.
Media and solutions. EDS: Eagle's synthetic medium (Eagle, 1959) , plus 3% dialysed bovine serum. EDS § PO 4" the same as EDS but without PO 4. EDS ~ AA: as EDS but without amino acids, except for arginine. RSB: 0.01 M-tris pH 7.4, 0.01 ~-KC1, 0.0015 M-MgC12 (Warner et aL, 1963) . SSC: 0.15 M-NaC1, 0.015 M-sodium citrate pH 7.4. TKM: 0.05 M-tris pH 7.5, 0.025 M-KCI, 0.005 M-MgC12. TBSA: tris-buffered saline containing 1% crystalline bovine serum albumin (Ben-Porat & Kaplan, 1962) .
Inhibition of host cell DNA synthesis. Synthesis of cellular DNA was measured by the uptake of 3H-thymidine into the cells. Part of the cell extracts was precipitated with 0-25 u-perchloric acid in the cold, collected on G/FA filters, washed six times in 0.2 u-perchloric acid and the radioactivity measured in a scintillation spectrometer. Another part was used to separate cellular DNA from virus DNA by isopycnic centrifugation, as described previously (Ben-Porat et al., 1976) .
Analysis of proteins. The tsL or Pr virus-infected cells were labelled by incubation in EDS AA and aH-leucine (50/.,Ci/ml). After the labelling period, the cells were washed in Earle's saline and harvested by scraping into 200 /A RSB. The cells were disrupted by sonic oscillation, digested with DNase (10/lg/ml) for 10 rain at 37 °C, and boiled for 3 min in 1% SDS and 0.5 M-urea. Bromophenol blue and glycerol were added, the proteins were electrophoresed on a 10 % polyacrylamide gel and prepared for fluorography as described by Rixon and Ben-Porat (1979) .
Autoradiography and immunofluorescence. RK cells were grown on coverslips, and were infected and labelled appropriately. Cells were then fixed for 2 min in an acetone:methanol (2:1) mixture and prepared for immunofiuorescence and autoradiography according to the method of De Marchi & Kaplan (1976) .
Analysis of transcription in cells infected with tsL virus. The procedures for labelling RNA with either 3H-uridine or 32p, and the purification of RNA and its hybridization either to nitrocellulose filter strips to which restriction enzyme fragments of virus DNA had been fixed or to circular filters to which denatured Pr DNA had been fixed, have been described previously (Feldman et aL, 1979; Rakusanova et aL, 1971) .
Separation of the nuclear from the cytoplasmic fractions. The nuclear fractions were obtained by the method of Blobel & Potter (1966) , with some modifications. Infected cultures (4 x 106 cells) were washed twice with RSB and were harvested by scraping in 2 ml RSB buffer. The cells were homogenized with 20 strokes in a Dounce homogenizer and two vol. 2.3 M-sucrose in TKM were added. The samples were then overlaid with 10 ml 0.025 M-sucrose in TKM and centrifuged in a Beckman SW25 rotor at 20000 rev/min for 85 rain. The nuclear pellet was resuspended in TKM.
Electron microscopy. Electron microscopy of thin sections of infected cells was performed as described by Ladin et al. (1980) .
Complementation analysis. RK cells were infected either singly or with pairwise combinations of ts mutants of pseudorabies virus at a multiplicity of infection (m.o.i.) of 5 each. After 1 h adsorption at 41 °C the inoculum was removed and the infected cells were washed six times in Earle's saline to remove unadsorbed virus. The cells were further incubated at the non-permissive temperature for 24 h, then the cultures were harvested by scraping the ceils into the culture fluid, followed by repeated freezing and thawing to free the cell-associated virus. Cellular debris was removed by centrifugation and the virus titre was determined by plaque assay at 32 °C. The complementation index was calculated by dividing the titre of infectious virus produced at 41 °C during dual infection by the sum of the virus titres produced at 41 o C by each of the ts mutants alone.
RESULTS

Effect of tsL infection on host cell metabolism
During the course of screening a group of ts mutants for their biological properties at the non-permissive temperature, we found that monolayers infected with tsL showed little virus-induced cellular degeneration, even when infected at an m.o.i, of 5. This was in contrast to the effects of most other ts mutants of Pr virus, as well as of wild-type virus, all of which cause generalized cytopathic effects under similar conditions of infection. The absence of any cytopathic effects in tsL-infected cells suggests that the defect in tsL is either at an early stage of infection, before the eytolytic functions of the virus have been expressed, or that there is a defect in cytolytic functions.
To confirm the absence of expression of cytolytic functions in tsL-infected cells, we examined the inhibition of host cell DNA synthesis. The results of this experiment (Table 1) show that by 6 h post-infection in wild-type-infected cells there was some inhibition of incorporation of 3H-thymidine into total DNA, but that practically all the radioactivity was incorporated into virus DNA; as expected, the synthesis of cellular DNA was reduced drastically. In tsL-infected cells there was less than 10% inhibition of 3H-thymidine incorporation into total DNA and all the thymidine was incorporated into cellular DNA. In cells infected with tsC, another DNA-mutant, 3H-thymidine incorporation into total DNA was inhibited by 75 %; all the label was incorporated into cellular DNA, indicating that tsC inhibited cellular DNA synthesis by that amount. Thus, whereas tsC significantly inhibits cellular synthesis, tsL does not.
Similarly, the incorporation of 3H-leucine into proteins was not affected by infection of ceils with tsL at the non-permissive temperature (data not shown). The proteins synthesized at 32 or 41 °C by the tsL or wild-type-infected cells were analysed by polyacrylamide gel electrophoresis (PAGE) (Fig. 1) . While the synthesis of cellular proteins in wild-type-infected ceils was not completely inhibited in this experiment because of the relatively low m.o.i. (5), many of the virus proteins (recognizable by their mol. wt.) were discernible. Virus proteins could also be detected in tsL-infected cells incubated at 32 °C; these proteins were not detectable at 41 °C. The lack of synthesis of virus proteins in tsL-infected ceils incubated at the non-permissive temperature was confirmed by immunoprecipitation of the proteins using specific antisera prepared against the virus proteins (data not shown).
Adsorption of tsL at the non-permissive temperature
To determine whether tsL adsorbs to the cells at the non-permissive temperature, adsorption of virions labelled with 3H-thymidine was tested at 41 and 32 °C. Some of the 3H-thymidine-labelled virions were also first incubated in vitro at 41 °C for various times and then tested for their ability to adsorb to the cells. The results (Table 2) show that tsL adsorbs equally well to RK cells at 32 °C and 41 °C. Furthermore, incubation of the virions at 41 °C for up to 7 h did not appreciably reduce the number of labelled virions that adsorbed to the cells. tsC 6.9 6.9 5.2 5.2 * Cells were infected (5 p.f.u./cell) with wild-type virus or with the designated mutant and incubated at 41 °C in EDS. At 5 and 9 h post-infection cultures were incubated for 1 h in EDS containing 3H-thymidine (10/tCi/ml). The cells were scraped into SSC containing 2% Sarkosyl and heated at 50 °C for 15 min. Aliquots of the samples were acid-precipitated to determine the amount of radioactivity incorporated into DNA. To determine the relative amount of 3H-thymidine incorporated into cellular and virus DNA, the samples were subjected to isopycnic centrifugation in CsC1 and the amount of radioactivity associated with each type of DNA was determined.
The relative proportions of tsL and wild-type viruses that adsorb to the cells at 32 °C were also determined by assaying the number of non-adsorbed virions remaining in the inoculum fluid; no differences between wild-type and tsL were found. Under the conditions of adsorption used in these experiments, approx. 70 % of the infectious tsL and wild-type viruses adsorbed to the cells. We conclude from the results of these experiments that tsL adsorbs normally to RK cells both at 32 and 41 °C and thus is not defective in an'envelope protein responsible for attachment to the cellular membrane.
Synthesis of virus RNA in tsL-infected cells
We next determined whether immediate-early (IE) RNA was produced in cells infected by the mutant. It has been established that IE RNA accumulates in infected cells in the presence of an inhibitor of protein synthesis. The accumulation of this RNA is therefore not dependent on the prior expression of a viral function within the infected cells (Rakusanova et al., 1971; Feldman et al., 1979) . Thus, even if tsL was defective in an IE function, IE RNA should still accumulate normally at the non-permissive temperature. In the following experiments we tested whether this was the case. Table 3 and Fig. 2 show the results of experiments in which the relative amounts, as well as the type, of virus RNA synthesized by wild-type and tsL-infected cells, treated with cycloheximide and incubated at 32 and 41 °C, were determined.
We have previously shown (Feldman et al., 1979) that cells infected with wild-type virus and incubated in the continuous presence of cycloheximide synthesize virus RNA which is complementary to a restricted region of the virus genome, represented by KpnI fragments E and H. Fig. 2 shows that in tsL-infected cells incubated at 32 °C in the presence of cycloheximide (track 3), RNA complementary to Kpnlfragments E and H was indeed synthesized. In tsL-infected cells incubated in the presence of cycloheximide at 41 °C, no detectable virus RNA was synthesized (track 1). A quantitative analysis of the relative amounts of IE RNA synthesized by wild-type and tsL-infected cells also showed that while similar amounts of RNA were synthesized by the two types of infected cultures at 32 °C, tsL-infected cells synthesized much less virus RNA at the non-permissive temperature than did wild-type-infected cells (Table 3) .
These results indicate that tsL is either defective in its ability to uncoat or that a protein carried by the infecting virion that is essential for the transcription of the genome is defective in this mutant. However, when tsL-infected cells were incubated first at 32 °C for 2 h in the At 2 h post-infection, part of the cultures was shifted from 32 to 41 °C and all the cultures were labelled with a2p (100 gCi/ml) for 3 h. The cells were then harvested, the RNA extracted and purified and hybridized to filters to which KpnI-digested DNA had been fixed. The filters were exposed for autoradiography. Track 1, tsL, 41 °C; track 2, tsL, 32 °C for 0 to 2 h, then shifted to 41 °C; track 3, tsL, 32 °C; track 4, virus 32p-labelled DNA annealed to the same filter strips. 2290 ND * Mutant tsL virions Synthesized by infected cultures grown in EDS containing 3H-thymidine (100 gCi/ml) were isolated. The labelled virus was heated at 41 °C for various times and was added to monolayer cultures of RK cells which had been preincubated for 16 h with medium containing 5-fluorouracil (20 gg/ml) to inhibit cellular DNA synthesis. The virus was allowed to adsorb to the cells at either 41 or 32 °C for 1 h. The monolayers were washed six times, then cells were harvested and cell radioactivity was determined.
~" Ct/min adsorbed. $ ND, Not determined. 2-3 ! * Cells were preincubated with cycloheximide (200 #g/ml) for [ h and infected at 32 or 41 °C with tsL or wildtype Pr (m.o.i. 10 and 100 respectively) in the presence of cycloheximide. At 2 h post-infection (p.i.), 3H-uridine (100 #Ci/ml) was added to the cultures. Part of the cultures was then shifted from 32 to 41 °C. After a 1 h labelling period (in the continuous presence of cycloheximide) the samples were harvested and the RNA was extracted and purified. Aliquots of the sample (containing in each case 5 × 104 et/min) were annealed to nitrocellulose filters to which 5 gg denatured Pr virus DNA had been fixed.
t Ct/min hybridized to virus DNA.
presence of cycloheximide (when uncoating of the virions presumably occurred) and then shifted to 41 °C, IE RNA synthesis did take place (Fig. 2 , track 2; Table 3 ). Unless one assumes that a virus structural protein is required only during the initial stages of transcription and is not required any further even in the absence of protein synthesis (a possibility which we consider unlikely), these results indicate that tsL is probably not defective in a protein present in the incoming virus which functions in transcription.
Therefore, we tentatively conclude that tsL virions are somehow not uncoated at the non-permissive temperature and that their genome is not accessible for transcription.
Steps during the infective process at which uncoating of tsL is blocked at the non-permissive temperature
If there was a defect in uncoating of tsL, it could affect the process of removal of the virus envelope or the removal of the virus core from the nucleocapsid. Alternatively, the core might be released from the nucleocapsid but the DNA within the core might not be accessible to the RNA polymerase. It is generally believed, although conclusive evidence is not available, that the integrity of the nucleocapsid is disrupted in the cytoplasm of the infected cells and that only the virus core (or the virus DNA) penetrates the nucleus. It was therefore of interest to determine the stage at which the uncoating process is blocked in tsL-infected cells and attempt to isolate a possible uncoating intermediate. To this end, we analysed the fate of the DNA in tsL virions in cells infected at 41 °C.
First, we determined by autoradiography the location within the infected cells of parental tsL DNA. Cells were infected at 41 °C with either wild-type or tsL virus containing 3H-thymidine-labelled DNA and at 3 h post-infection the cells were stained and coated with photographic emulsion. After an appropriate exposure time, the location of the grains over the cells was examined.
In wild-type-infected cells most of the grains were located over the nuclei; in tsL-infected cells more than 90 % of the grains were located over the cytoplasm. These results indicate that in tsL infection, penetration of the DNA into the cell nucleus was blocked.
To corroborate these findings, wild-type or tsL virions were labelled with either 3H-leucine or 3H-thymidine and the association of the label with the nuclear fractions obtained from cells infected with these virions was determined. Table 4 shows that only a small proportion (approx. 7 %) of the labelled proteins of the infecting virions was found in the nuclear fractions of both tsL-and wild-type-infected cells. It is probable that a large part of these proteins represents contamination of the nuclear fraction, because analysis by PAGE of these proteins indicated that they consisted of many of the proteins present in mature virions (data tsL (aH-thymidine) 3180 (6) 49 720 * Wild-type and tsL virions were grown in EDS containing either aH-leucine (50 ~Ci/ml) or 3H-thymidine (100 #Ci/ml). Virions (10 p.f.u./cell) were allowed to adsorb to cells in the presence of cycloheximide and an excess of unlabelled thymidine (100 #g/ml). The nuclear fraction was separated from the cytoplasmic fraction at 3 h post-infection, as described in Methods, and the amount of radioactivity associated with each fraction was determined. ~" Numbers in parentheses indicate percentage of the total radioactivity associated with the nuclear fraction. $ The amount of label associated with the cytoplasmic fraction was obtained by subtracting the number of counts associated with the nuclear fraction from the total number of counts associated with the cells. further incubated up to 3 h post-infection. The cells were harvested, 14C-thymidine-labelled virions were added as marker, and the samples were sonicated for 60 s and centrifuged (5000 rev/min for 5 min) to remove cellular debris. Less than 5 % of the total counts associated with the cells were found in the debris of tsL-infected cells; 34 % of the Pr DNA was associated with the cell debris. The samples were layered on 15 to 30 % TBSA-sucrose gradients and centrifuged at 15 000 rev/min for 65 min. Samples were collected and precipitated and the amount of radioactivity in each determined (Pr pellet, 6300 ct/min; tsL pellet, 1400 ct/min). The arrow shows the position of fully enveloped 14C marker virus. 0, Wild-type Pr virus; O, tsL. not shown). In this experiment 34 % of the DNA in the infecting wild-type virions became associated with the nuclear fraction but only 6% of the DNA in the tsL virions (approximately the amount of virus proteins associated with the nuclear fraction, part of which may represent contamination of the nuclear fraction with cytoplasmic virions). Thus, a much smaller proportion of the DNA of tsL virions than of wild-type virions reached the cell nucleus and we conclude that the block in the uncoating of tsL occurs before the migration of the virus DNA to the nucleus.
One explanation for the inability of the virus DNA to enter the nucleus may be that it is trapped within a defective capsid structure. If this were the case, one should be able to recover nucleocapsids from tsL-infected cells. The experiment illustrated in Virus was allowed to adsorb to the ceils for 30 min; unadsorbed virus was removed by washing. At 2 h post-infection, the infected cells were harvested and the cells were sectioned for electron microscopy. In most cases only one nucleocapsid was observed per cell. However, four tsL-infected cells with three nucleocapsids and seven with two nucleocapsids were observed.
temperature. In this experiment, RK cells were infected with wild-type or tsL virions at a multiplicity of 5 x 102 particles/cell. At 3 h post-infection the cells were disrupted by sonication and the cellular debris removed. In wild-type-infected but not in tsL-infected cells, a large part (34%) of the virus DNA was found in association with the cellular debris which was removed by low-speed centrifugation prior to analysis on sucrose gradients for the presence of virus particles. Furthermore, in tsL-infected, but not in wild-type-infected cells, structures which sedimented at the position of non-enveloped virions (nucleocapsids) could be isolated. A quantitative analysis of the distribution of the labelled virus DNA among the various fractions indicates that whereas no detectable amount of nucleocapsids could be isolated from wild-type-infected cells, more than 50 % of the infecting virions could be isolated as nucleocapsids from tsL-infected cells.
That nucleocapsids accumulate in tsL-infected cells but not in wild-type-infected cells at 41 °C is also corroborated by an analysis of the infected cells by electron microscopy. Non-enveloped nucleocapsids were readily observed in tsL, but were rarely seen in wild-type-infected cells. A quantitative analysis of the number of nucleocapsids detected in the tsL-infected or in the wild-type-infected cells at 2 h post-infection showed that ceils infected with tsL contained approx. 20 times more nucleocapsids than did wild-type-infected cells, even though the number of particles with which the cells had been infected was approximately the same (Table 5 ). The efficient removal of intact nucleocapsids from the cytoplasm of wild-type Pr virus-infected cells is not surprising since we have shown previously that most of the virus DNA molecules present in the infecting virions become associated with the nucleus and participate in replication despite the relatively high ratio of non-infectious to infectious particles in the virion preparations (Ben-Porat et al., 1976) .
Lack of complementation between tsL and other ts mutants
These results indicate that tsL is not uncoated at the non-permissive temperature, and are supported by the fact that tsL fails to complement other ts mutants (Table 6) . Of the five mutants tested [tsN and tsJ (DNA+), tsX and tsl02 (DNA-), and tsL] complementation between four of them was good; however, tsL failed to complement any of the four mutants.
Inactivation of tsL in vitro by incubation at the non-permissive temperature
The results presented above indicate that tsL is not uncoated at the non-permissive temperature and that the DNA remains within the nucleocapsids. It seems possible that a capsid protein may be temperature-sensitive, thereby affecting the infectivity of the virus. The temperature stability of the tsL virions at 41 o C was therefore examined (Fig. 4) . Exposure of tsL virions to 41 °C resulted in a rapid loss of infectivity and by 3 h 90% of the infectivity had been lost. Wild-type virions were relatively stable under the same conditions. Thus, a structural protein of tsL is temperature-sensitive. Since adsorption of tsL to the ceils is not affected by incubation at 41 °C (see Table 2 ) and since nucleocapsids accumulate at this temperature ( Fig. 3 and Table 5 ), we conclude that the temperature-sensitive structural protein is probably a capsid protein.
DISCUSSION
The sequential events which eventually result in the penetration of the genome of the herpesviruses into the nucleus of the infected cell are uncertain. The isolation and analysis of increasing numbers of herpesvirus mutants will probably result in the isolation of some mutants defective in the uncoating process. The availability of such mutants should allow a detailed understanding of the early steps of infection. We have isolated one such mutant, tsL, and have characterized it. The mutant was not temperature-sensitive with respect to adsorption to the cells but was blocked at an early stage of infection. No virus RNA was transcribed in cells infected with the mutant at the non-permissive temperature (41 °C). However, if tsL-infected cells were first incubated at the permissive temperature (32 °C) in the presence of an inhibitor of protein synthesis (to prevent the expression of any virus function) and were then shifted to the non-permissive temperature, the virus genome was transcribed. These data suggest to us that the virions are not uncoated at 41 °C. We found that nucleocapsids accumulated in the cytoplasm of cells infected with tsL at 41 °C and that virus DNA did not become associated with the nuclei of these cells. This is in contrast to the ,situation observed with wild-type-infected cells in which the nucleocapsids disintegrated rapidly and the DNA became associated with the nucleus.
The results that we have obtained with tsL thus support the currently accepted notion that during the normal course of infection, the unmodified nucleocapsid does not penetrate the nucleus. It is clear that at least some modifications of the nucleocapsids occur in the cytoplasm of the infected cells before migration of the virus DNA to the nucleus of the cell takes place. These modifications do not occur when cells are infected at 41 °C with tsL because one of the capsid proteins of this mutant is temperature-sensitive.
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